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Abstract We report density functional theory (DFT)
calculations of the Raman spectra for hexapepetides of
glutamic acid and lysine in three different conformations
(x, p and PPII). The wave numbers of amide I, amide II
and amide III bands of all three conformations predicted at
B3LYP/6-31G and B3LYP/6-31G* are in good agreement
with previously reported experimental values of polyglutamic
acid and polylysine. Agreement with experiment improves
when polarization functions are included in the basis set.
Explicit water molecules, H-bonded to the backbone amide
groups were found to be absolutely necessary to obtain this
agreement. Our results indicate that DFT is a promising tool
for assignment of the spectral data on kinetics of conforma-
tional changes for peptides during amyloid formation.
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Introduction

Most neurodegenerative diseases, including Alzheimer’s
disease, are closely linked with accumulation and aggregation
of the amyloid (-peptide (Af3) produced through endopro-
teolysis of the 3-amyloid precursor transmembrane protein.
Experimental data also suggest that the neurotoxicity in these
fatal diseases may be caused by the growing amyloid fibrils as
well as soluble oligomers associated with them [1]. Formation
of amyloid aggregates includes a conformational transition
from alpha-helix into beta-sheet structure. Recent studies
have revealed that amyloid formation is not a unique struc-
tural feature of a particular protein. On the contrary, any
protein, under suitable conditions, can lose its native «-helical
structure and aggregate [2, 3]. It has been well established
that amyloid formation requires an appropriate physico-
chemical environment [2, 4]. However, the detailed mech-
anism of oligomer formation and the influence of protein
stability on aggregation kinetics are still matters of debate.
In order to study the dynamics of amyloid formation,
different experimental techniques can be used. These include
infrared (IR) and fluorescence spectroscopy [5—7], circular
dichroism (CD) [8, 9], Raman optical activity (ROA) [10-13],
Raman [14], and UV resonance Raman spectroscopy (UVRR)
[11, 15-17].

Hydrogen bonding (H-bonding) is, in general, one of the
most important determinants of alpha-helices, amyloids,
and three-dimensional protein structure. The peptide units
of the various residues engage in extensive hydrogen
bonding with one another. They also interact with water
molecules, which are found both within the protein and on
its periphery. Hydration effects on peptide H-bonding must
be understood in order to compare the stability of protein
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conformations. Both intra-molecular protein—protein inter-
actions and protein—solvent interactions determine native
protein secondary and tertiary structures [18]. For example,
intra-molecular protein hydrogen bonding stabilizes o-
helical and [3-sheet conformations [10, 19, 20], while
protein—water interactions stabilize peptide and protein
PPII conformations [21-23]. However, even though intra-
molecular hydrogen bonding is expected to dominate for oc-
helical peptides, the solvation-shell water still may H-bond
to the exposed N-H---O=C linkages that are intra-molecularly
bonded [20, 24, 25]. Such interactions may also be important
in the stabilization of the «-helix conformation [6, 26].
These hydrogen bonding interactions are expected to depend
upon the extent to which the peptide side chain shields the
peptide backbone from water.

The transition between - and 3-conformations is often
believed to pass through a molten globe (or random coil)
state with no conformational order. However, recent work
by Asher et al. [16] has suggested that the alanine-based,
mostly helical peptide AP melts from «-helical structure
to a polyproline II (PPII)-type helix conformation. Such
experimental evidence offers further support to theoretical
studies that have suggested that small peptides in their
unordered state (random coil) adopt a predominantly PPII
helix conformation [17, 21-23, 27, 28]. This conformation
was found to be unstable in gas phase, however. Adzhubei
et al. [29] have suggested factors that they think are
responsible for the stabilization of the PPII confirmation.
According to these authors, H-bonding of the main chain
with water molecules is the most probable stabilizing factor
for PPII segments on the protein surface. H-bonds with
water can also be formed by the side chains of these
segments. There is mounting experimental evidence in
favor of the PPII conformation in polypeptides being
stabilized by water [30, 31]. This is supported also by free
energy calculations and Monte-Carlo studies [32, 33].
These calculations show that the presence of solvent
makes the PPII conformation energetically more favorable,
in comparison with the conformation in vacuum [30]. Thus,
hydration has a strong stabilizing effect on PPII-helices.
Several forms of arrangement of water molecules around
PPII segments have been observed [29].

Vibrational spectroscopic techniques such as Fourier
transform infrared spectroscopy (FTIR) and Raman spec-
troscopy are generally considered to be low resolution
techniques, which are useful solely for quantifying the
contribution of distinct secondary structure motifs to the
overall protein structure [34]. In this contribution, we will
assess the ability of density functional theory (DFT)
methods to predict Raman spectra with the accuracy
necessary to detect conformational changes during amyloid
formation. Raman spectroscopy is used to infer molecular
structure and properties from vibrational transitions. It
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allows conformational changes to be detected [35]. In
many aspects it is similar to IR spectroscopy, but has its
own individual features. In contrast to IR, where radiation
is absorbed by a sample, Raman experiments deal with
radiation inelastically scattered by the molecule of interest.

The peptide bond itself has an absorption band in the UV
region around 190 nm, so excitation of proteins and peptides
with ~200 nm selectively enhances peptide backbone amide
bands [36]. The resultant spectra are dominated by amide
vibrations, designated as amide I, 11, and III (Fig. 1) [34, 37].
Further, the spectrum carries easily recognizable features of
different secondary structure elements. Using a library of
proteins of known structure, Chi et al. [36] developed a
methodology to correlate UV Raman spectral markers with
the presence of secondary structure motifs. This methodol-
ogy allowed the quantitative determination of the oc-helix, 3-
sheet and random coil content of large proteins. H-bonding
involving the C=0O or N—H bonds and different elements of
secondary structure affect bond strengths so that the amide I
and amide II wavelengths are sensitive to the secondary
structure content of a protein.

In order to provide physically reasonable electronic
energies and their derivatives for polypeptides, a computa-
tionally affordable yet accurate theoretical method is needed.
Kohn—Sham density functional theory (KS-DFT), which in
principle describes electron correlation exactly, has become
the method of choice to describe large biomolecules. Its
efficiency is close to that of Hartree-Fock calculations and can
be further enhanced by using density-fitting techniques when
pure density functionals are employed [38]. Much of the
previous work on Raman and ROA spectra have been done
at the restricted Hartree-Fock (RHF) level of theory for the
geometry and force field as well as for the polarizability
tensors, and the solvent effect (water) was not taken into
account. Deng et al. [39] predicted the Raman and ROA
spectra of nine conformations of N-acetyl-L-alanine-N'-
methylamide (AAMA) at the RHF/6-31G* level of theory.
They did not, however, include any solvent effects in their
calculations, and did not include polarization functions in the
basis set. Han et al. [40] used the 6-311+G** basis set for
the electric dipole electric dipole polarizability derivatives
(EDEDPD), and the 6-31G* basis set for the electric dipole

Cc O C
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- Qh T\
H C H
c

Fig. 1a—¢ Major contribution to normal modes corresponding to the
atomic motion of amide bands. a Amide I mode is mostly carbonyl
stretching vibration. b Amide II mode is an out-of-phase combination
of C—N and N-H bond stretch. ¢ Amide III mode is an in-phase
combination of C—N and N-H bond stretch (adapted from [34, 37])



J Mol Model (2010) 16:1093-1101

1095

Fig. 2a—e Different hydrogen (H)-bonding modes of water mole-
cules. a Water molecule bridging the amide and carbonyl group of
consecutive amino acids residues. b Water molecule bridging the
carbonyl groups of consecutive amino acids residues. ¢ Water
molecule bridging the carboxyl groups of the side chain of glutamic
acids. d Water molecule bridging the amide and carbonyl groups of
the same residue. e Water molecule forming a single H-bond to the
CO group of the peptide backbone. Broken lines H-bonds

magnetic dipole polarizability derivatives (EDMDPD) and
electric dipole electric quadrupole polarizability derivatives
(EDEQPD) calculations. They extended previous studies by
using the B3LYP level of theory, and also included water
molecules, both explicitly and implicitly, in calculating the
structures and atomic polar tensors (APT). By comparing
calculated and observed Raman, vibrational circular dichro-
ism (VCD), and ROA spectra, they suggested that the PPII
structure of AAMA is the dominant one in aqueous solution.

Few other DFT studies on polypeptides had been
published to date. Vaden et al. [41] characterized the
inherent conformational preferences of the capped hexapep-

tide Ac-VQIVYK-NHMe in the gas phase. IR/UV double-
resonance spectroscopy of the peptide isolated in a cold
molecular beam was used to probe the conformation of
the neutral peptide. The influence of protonation at the
lysine side chain was investigated at 298 K by character-
izing the protonated peptide ion, Ac-VQIVYK(H+)-NHMe,
with infrared multiple-photon dissociation (IRMPD) spec-
troscopy in the fingerprint and amide I/II band region in an
Fourier-transform ion cyclotron resonance (FTICR) mass
spectrometer. The conformations for both neutral and proton-
ated peptides were predicted by an extensive conformational
search procedure followed by cluster analysis and then DFT
calculations. Comparison of the experimental and computed
IR spectra, with consideration of the relative energies, was
used to assign the dominant conformations observed. The
neutral peptide adopts a 3-hairpin-like conformation with two
loosely extended peptide chains, demonstrating the preference
of the sequence for extended (3-strand-like structures. In the
protonated peptide, the lysine NH;" disrupts this extended
conformation by binding to the backbone and induces a
transition to a random-coil-like structure.

The goal of this contribution was to test the accuracy of
DFT method in predicting the conformational stability and
Raman spectra of polypeptides in different conformations.
We selected polyglutamic acid and polylysine as well
defined systems for which reliable experimental data are

Fig. 3 Optimized geometry of the polyproline II (PPII) conformation
of (a) lysine and (b) glutamic acid hexapeptides with water molecule
H-bonding to the peptide backbone
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Fig. 4 Optimized geometry of alpha helix conformation of lysine
hexapeptide (a) and glutamic acid (b) with water molecule H-bonding
to the peptide backbone

available [35, 42]. To the best of our knowledge, this is the
first DFT study of polyglutamic acid and polylysine. In this
contribution we will assess the ability of DFT methods to
predict Raman spectra with the accuracy necessary to detect
conformational changes during amyloid formation. We
compare the experimentally available Raman vibrational
spectra with our calculations.

Computational details

All calculations used the Gaussian 2003 program [43].
Geometry optimizations and frequency calculations were
carried out at the hybrid DFT level in the gas phase, using
6-31G and 6-31G* basis sets and B3LYP functional. The
visualization and assignment of the vibrational modes was
completed using the Molden program package [44, 45].
We studied three conformations of glutamic acid and
lysine hexapeptides: (1) o-helix, (2) (-strand, and (3)
“random coil” (PPII confirmation) [42]. The initial geom-
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etries of «-helix and f3- strand conformations were obtained
by modification of the respective conformations of the
polyalanine [46]. The PPII confirmation was obtained by
modification of the polyproline II fragment extracted from
the Protein Data Bank (PDB structure with refcode 1AWI).
The terminal amino and carboxylic groups were end-
capped using acetyl and dimethylamine groups. Explicit
water molecules were taken into account (one molecule
per residue) for a total of six water molecules for one
hexapeptide. The water molecules used in our calculations
were not deuterated.

Results and discussion
Geometry optimization

When explicit water was not included in the system, the
geometry optimization of the PPII conformation resulted in
significant conformational change. This is in agreement
with earlier report [29] that PPII does not present an energy
minimum. In order to stabilize the PPII conformation we
added six water molecules, H-bonded to the peptide. Four
types of H-bonding patterns, found in X-ray structures
containing PPII [29] were tested and are shown in Fig. 2.
Each water molecule was used to bridge CO and NH

Fig. 5 Optimized geometry of beta sheet conformation of (a) lysine
and (b) glutamic acid hexapeptides with water molecule H-bonding to
the peptide backbone
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Fig. 6 Raman spectra of the
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groups of consecutive (Fig. 2a, b) or the same (Fig. 2d)
residue(s). Alternatively, we tested bridging the carboxylic
groups of the side chains (Fig. 2¢) for the 1,3-residues, as
well as water molecules H-bonded to one carbonyl group
only (Fig. 2e). We found that the PPII conformation was
retained only when water molecules H-bonded to NH and
CO groups in the backbone of consecutive residues (Fig. 2a).
The molecular structure of the optimized geometry of the

Fig. 7 Raman spectra of the
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PPII conformation of the lysine and glutamic acid hexapep-
tides are shown in Fig. 3.

The alpha helix and beta strand conformations were
initially optimized in the gas phase. Next, these conforma-
tions were microsolvated with six water molecules. The
configuration in which each water was bridging two
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stable and used thereafter to build hydrated alpha-helices.
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Fig. 8 Raman spectra of the
«-helix, PPII, and 3-sheet
conformations of lysine
hexapeptide, calculated at
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The optimized geometry of alpha helical lysine and
glutamic acid hexapeptides are shown in Fig. 4. In the case
of the beta strand, when one water molecule was used to
bridge either NH and CO or two CO groups of the con-
secutive residues, this significantly altered the conformation.

Fig. 9 Raman spectra of the
o-helix, PPII, and (3-sheet con-

Wave number (cm'])

The only configuration stabilizing beta strands included a
CO--"H,O---HC, bridge with a non-classical hydrogen bond
of the CH---O type and a length of ca. 2.8 A. A similar type
of hydrogen bonding were reported by Scheiner [45, and
references therein], based on NMR spectra and first principle
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Table 1 Amide I, II and III
vibrational frequencies (in cm ™)
calculated for alpha helix and
beta strand conformation of
lysine hexapeptide in the gas
phase, and the corresponding
experimental values for
polylysine in water

(taken from [42])
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Conformation Theory level Amide 1 Amide 11 Amide IIT
Alpha helix B3LYP/6-31G 1,769 1,611 1,401
B3LYP/6-31G* 1,726 1,582 1,382
Experimental 1,644 1,548 1,275
Beta strand B3LYP/6-31G 1,649 1,550 1,369
B3LYP/6-31G* 1,632 1,550 1,356
Experimental 1,661 1,559 1,244

simulations. The resulting configurations are shown in
Fig. 5. The geometries optimized at B3LYP/6-31G and
B3LYP/6-31G* were not visibly different, so only the latter
are reported in all figures.

Raman spectra

The optimized geometries described above were used to
predict Raman spectra for the lysine and glutamic acid
hexapeptides. Figures 6, 7, 8, and 9 represent the spectra in
the range between 1,000 and 1,800 cm ', The vibrational
modes of interest are amide I, II, and III (defined in Fig. 1)
are labeled on Figs. 6, 7, 8, and 9 along with their
frequencies at the maximum. Other peaks of comparable
intensity were observed close to amide I bands in the case
of the glutamic acid hexapeptide. These correspond to
vibrations of the COOH groups in the side chains.

The amide frequencies calculated for the gas phase are
compared with experimental values in Tables 1 and 2. In
the case of the beta strand conformations of lysine
hexapeptide (Table 1), the frequencies for amide I and II
are close to the experimental values. The predicted amide
II for the isolated molecules is considerably larger (by
about 120 cm™'). The experimental value reported for
amide [ is 1661 for the beta sheet of polylysine in water,
and the calculated values for the isolated lysine hexapeptide
at B3LYP/6-31G and B3LYP/6-31G* are 1,649 and
1,932 em™ ' respectively. The beta strand conformations of
glutamic acid hexapeptide (Table 2) and the frequencies for
amide II vibrational modes obtained for the isolated
molecules were close to the experimental values recorded
in aqueous solution. The amide I predicted at 6-31G*

(1,650 cm ") is very close to the experimental value of
1,648 and the prediction at 6-31G is found to be larger by
50 cm ™.

For the «-helix conformations, the amide group is
involved in the H-bond to the backbone carbonyl group.
In the gas phase all NH groups of the backbone participate
in H-bond already in the isolated molecule. Nonetheless, in
the absence of explicit water molecules, larger frequencies
for the amide I, IT and III vibrational modes compared to
the experimental values are predicted at both theory levels,
as shown in Table 1. The disagreement with experimental
values is especially large for amide I in the o-helix
conformation of lysine hexapeptide. At B3LYP/6-31G level
we predict it to be 1,769 cm ', which is about 120 cm ™'
higher than the experimental value. The use of a larger
basis set somewhat improves the value for amide I to
1,726 cm ™', which is still larger by about 80 cm ' than the
experimental value. The values for amide I, II and III
calculated at the B3LYP/6-31G* level are somewhat lower
(and closer to experimental values), than those calculated
at the B3LYP/6-31G level (see Table 1). The amide I
calculated at B3LYP/6-31G for the «-helix conformation of
the isolated glutamic acid hexapeptide is 1,688, which is
about 30 cm ™' higher than the experimental value (Table 2).
When the calculation was done at B3LYP/6-31G* in gas
phase the value for amide I is 1,640, i.e., very close to
1,651 cm '—the experimental value for polyglutamic acids
in aqueous solution.

Next, we will discuss the effect of microsolvation on the
calculated Raman spectra. Table 3 shows the results of our
calculations for the o-helix, PPII and beta strand con-
formations of the lysine hexapeptide with explicit water.

Table 2 Amide I, IT and III

vibrational frequencies (in cm ') Conformation Theory level Amide 1 Amide II Amide 11T

calculated for alpha helix and

beta strand conformation of the Alpha helix B3LYP/6-31G 1,688 1,553 1,374

glutamic acid hexapeptide in gas B3LYP/6-31G* 1,640 1,558 1,407

phase and the expenn?enta} . Experimental 1,651 1,552 1,279

values for polyglutamic acid in

water (taken from [42]) Beta strand B3LYP/6-31G 1,702 1,545 1,361
B3LYP/6-31G* 1,650 1,556 1,406
Experimental 1,648 1,548 1,248
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Table 3 Amide I, II and III
vibrational frequencies (in cm ™)
calculated for three conforma-
tions of the lysine hexapeptide
in the presence of explicit
water molecules and the
corresponding experimental
values for polylysine in water
(taken from [42])

Conformation Theory level Amide 1 Amide 11 Amide IIT
Alpha helix B3LYP/6-31G 1,656 1,556 1,350
B3LYP/6-31G* 1,622 1,546 1,369
Experimental 1,644 1,548 1,275
Beta strand B3LYP/6-31G 1,708 1,581 1,351
B3LYP/6-31G* 1,674 1,560 1,340
Experimental 1,661 1,559 1,244
PPII B3LYP/6-31G 1,681 1,566 1,349
B3LYP/6-31G* 1,650 1,548 1,342
Experimental 1,655 1,559 1,258

Table 3 indicates that the DFT calculations for amide I and
II for all three conformations of the lysine hexapeptide with
explicit solvents using the 6-31G basis set overestimate the
frequencies for amide normal modes compared to experi-
mentally observed values in all cases, with maximal
deviation of 47 cm™'. When the calculation was performed
with the 6-31G* basis set, the deviation from the
experimental values was not more than 25 cm™'. However,
the calculated amide III vibrational frequencies with both
6-31G and 6-31G* basis sets are overestimated by about
100 cm™' when compared to experimental values. The
calculated amide IIT vibrational frequencies are 1,351 cm '
and 1,340 cm ' at the 6-31G and 6-31G* basis sets,
respectively, and the experimental values for amide III was
reported as 1,244 cm ™. Figures 6 and 7 show the calculated
spectra of lysine hexapeptide with explicit water at the 6-31G
and 6-31G* basis sets, respectively.

Table 4 shows the result of calculations for the «-helix,
beta strand, and PPII conformation of glutamic acid
hexapeptides with explicit water. As one can see from
Table 4, DFT predictions of the amide vibrational fre-
quencies for glutamic acid hexapeptides are also in good
agreement with experimental values. Again, the results
obtained with the 6-31G basis set are overestimated in
comparison with experimentally observed values, while
calculations made using the 6-31G* basis set underestimate

the frequency of amide I mode for all three conformations.
The calculated amide III vibration frequency with both 6-
31G and 6-31G* basis set are 1,341 cm ' and 1,305 cm !
and the corresponding experimentally reported value was
1,248 cm™'. The DFT method again overestimated the
amide IIT vibrational frequency, as in the case of lysine
hexapeptides. The Raman spectra of the glutamic acid
hexapeptides in the presence of explicit six water molecules
calculated with 6-31G and 6-31G* basis sets are shown in
Figs. 8 and 9 respectively.

Conclusions

We report the results of geometry optimization and predic-
tions of Raman vibrational spectra using DFT for glutamic
acid and lysine hexapeptides in three different conformations:
PPII, beta strand and alpha helix, microsolvated with one
water molecule per residue. When the solvent molecule is
H-bonded to the backbone, B3LYP/6-31G* level of theory
predicts Raman frequencies in good agreement with experi-
mental values for amide I and II (ca. 25 cm ' maximal
deviation), while the accuracy for amide III vibrational
frequencies is somewhat lower (within 100 cm™ ). All amide
vibrational frequencies are overestimated when the 6-31G
basis set was used. Based on these observations, we conclude

Table 4 Amide I, II and III

vibrational frequencies (in cm ")
calculated for three conforma-
tions of the glutamic acid
hexapeptide in the presence of
explicit water molecules and the
corresponding experimental
values for polyglutamic acid in
water (taken from [42])
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Conformation Theory level Amide | Amide 11 Amides IIT

Alpha helix B3LYP/6-31G 1,658 1,576 1,360
B3LYP/6-31G* 1,620 1,570 1,347
Experimental 1,651 1,552 1,279

Beta strand B3LYP/6-31G 1,649 1,521 1,341
B3LYP/6-31G* 1,644 1,534 1,305
Experimental 1,648 1,548 1,248

PPII B3LYP/6-31G 1,683 1,616 1,352
B3LYP/6-31G* 1,656 1,586 1,337
Experimental 1,664 1,564 1,257
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that DFT methods are capable of distinguishing vibrational
spectra from different conformations of polypeptides [35].
Our calculations indicate that DFT methods can assist in
assignment of spectral data recorded to detect observed
conformational transitions of peptides, in particular during
amyloid formation.
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